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ABSTRACT

Calcium phosphates and calcium carbonates are among the most prevalent minerals involved in microbial fos-
silization. Characterization of both the organic and mineral components in biomineralized samples is, however,
usually difficult at the appropriate spatial resolution (i.e. at the submicrometer scale). Scanning transmission X-
ray microscopy (STXM) was used to measure C K-edge, P L-edge, and Ca L-edge near-edge X-ray absorption
fine structure (NEXAFS) spectra of some calcium-containing minerals common in biomineralization processes
and to study the experimental biomineralization by the model microorganism, Caulobacter crescentus. We show
that the Ca L2,3-edges for hydroxyapatite, calcite, vaterite, and aragonite are unique and can be used as probes
to detect these different mineral phases. Using these results, we showed that C. crescentus cells, when cultured
in the presence of high calcium concentration, precipitated carbonate hydroxyapatite. In parallel, we detected
proteins, polysaccharides, and nucleic acids in the mineralizing bacteria at the single-cell scale. Finally, we dis-
cussed the utility of STXM for the study of natural fossilized microbial systems.
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INTRODUCTION

Microbes are often associated with calcium-containing
minerals in nature, but it is usually difficult to determine if
these organisms are involved in mineral nucleation. Finding
biosignatures in minerals has been the goal of many recent
studies to detect microbial remnants in the fossil record (e.g.
Mojzsis & Arrhenius, 1998; Blake et al., 2001; Sanchez-Navas
& Martin-Algarra 2001). The same need arises in medical
sciences where identification of the organics mixed with
minerals would help in understanding the origin of some
diseases (e.g. Dorozhkin & Epple, 2002; Ghidoni, 2004;
Trion & Van der Laarse, 2004). One example showing the
similarity of issues in geobiology and medical science is the
debated existence of nanobacteria. Many studies have proposed
that very small microorganisms called nanobacteria, which are
smaller than the theoretical size limit for an autonomous viable

organism (Nealson, 1999), are involved in the formation of
calculi (e.g. Kajander et al., 2003; Miller et al., 2004).
Nanobacteria are also thought to have a potential role in
carbonate and phosphate precipitation in natural systems,
according to some studies (Folk, 1999). Some authors have
argued that these conclusions, which are usually based on
morphological observations, are incorrect, and they have
shown convincingly that precipitation of calcium phosphates
on simple macromolecules can lead to the formation of
similar complex organo-mineral patterns with bacterial-like
morphologies (Vali et al., 2001).

The problem of distinguishing between these two pos-
sibilities is in part methodological, as one needs to char-
acterize both the mineral and the organic content of these
submicrometer-sized objects. Transmission electron microscopy
is a unique technique for characterizing crystallized minerals at
the required spatial scale. However, characterization of organic



250  K. BENZERARA et al.

© 2004 Blackwell Publishing Ltd, Geobiology, 2, 249–259

molecules present in a nanometer-sized object is much
more difficult. Here, we show how scanning transmission
X-ray microscopy (STXM) can be used to obtain high spatial
and energy resolution near-edge X-ray absorption fine structure
(NEXAFS) spectra at the C K-edge and the Ca L2,3-edge on both
the minerals and associated organics during biomineralization
by Caulobacter crescentus cells under laboratory conditions.
This work builds on our recent STXM study of microenviron-
ments associated with a fossilized microorganism involved in
pyroxene weathering (Benzerara et al., 2005).

EXPERIMENTAL METHODS

Reference compound preparation

Calcite and aragonite powders were prepared from natural
samples obtained from the Stanford University Research Mineral
Collection (CA, USA). Vaterite powders were synthesized
according to the method of Kralj et al. (1994). The same samples
were previously used by Doyle et al. (2004) in a study of the
effect of carbonate coatings on magnetite surfaces on chromate
reduction. Powdered samples of abiotically synthesized hydro-
xyapatite were obtained from Riedel-de Haen (Germany). The
phase purity of the powders was checked by X-ray diffraction
(XRD) and the powders were found to be monomineralic.
These powders were suspended for a few seconds in Milli-Q
grade water, and one drop was deposited on the membrane of
a holey carbon-coated 200 mesh copper grid and dried in air.

Bacterial cultures

The Caulobacter crescentus CB15 strain was kindly provided
by P. I. Entcheva and A. Spormann (Stanford University). C.
crescentus is a Gram-negative α-proteobacterium found in
many oligotrophic natural environments (see Poindexter,
1981 for a review of the natural distribution of Caulobacter
species). Caulobacter sp. is also found in many sewage treat-
ment waters rich in phosphate (Macrae & Smit, 1991). This
bacterium was considered a useful model for a biomineral-
ization and bioremediation study because its genome has been
recently sequenced (Nierman et al., 2001) and extensive banks
of mutants already exist, which offers the possibility of better
understanding the biochemical processes involved in microbial
calcification in the near future. Moreover, several studies are
in progress to understand the resistance mechanisms of this
microorganism to the toxicity of metals, in which, metal
phosphate precipitation may potentially be one of these
mechanisms (e.g. Levinson et al., 1996).

C. crescentus cells were cultured in peptone yeast extract
medium (PYE), which is referred to here as ‘regular medium’
and consists of bactotryptone (2 g L−1), yeast extract (1 g L−1),
MgSO4 (1 mM), and CaCl2 (0.5 mM). The calcification medium
was designed by adding CaCl2 to PYE to a final concentration
of 8 mM. Control tubes consisted of (a) the calcification

medium, prior to inoculation, where no carbonate or phos-
phate precipitation was detected, and (b) the inoculated regular
PYE growth medium. Two replicates of the three different
samples were incubated under the same conditions at 30 °C
during 20 days with continual shaking (200 r.p.m). Additional
C. crescentus cultures in the regular PYE growth medium were
incubated for only 2 days. After culturing, liquid suspension
were centrifuged and washed with a sterile ionic strength buffer
(0.01 M NaNO3, pH = 7). One drop of each solution was
deposited on a Si3N4 STXM sample holder and dried in air.

STXM observations and data analyses

STXM studies were performed at advanced light source (ALS)
branch line 11.0.2.2 (Tyliszczak et al., 2004) with the synchro-
tron storage ring operating at 1.9 GeV and 200–400 mA
stored current. A 150 L mm−1 grating and 20 µm exit slit were
used for carbon K-edge imaging and spectroscopy, providing
a theoretical energy resolution of 100 meV. A 1200 L mm−1

grating and 30 µm slit were used for calcium L2,3-edge meas-
urements, providing a theoretical resolution of around 70 meV.
Energy calibration was accomplished using the well-resolved
3p Rydberg peak at 294.96 eV of gaseous CO2 for the C K-edge
and the L3 NEXAFS peak in the calcite Ca L-edge NEXAFS
spectrum, which occurs at 349.3 eV (Rieger et al., 1986).

STXM is a transmission microscopy using a monochromated
X-ray beam produced by synchrotron radiation. Recent appli-
cations to colloids are presented in Yoon et al. (2004). The
energy of the beam can be varied by less than 0.1 eV incre-
ments over a wide energy range (130–2100 eV). The beam is
focused on the sample using a condenser zone plate and a 2-
D image is collected by scanning the sample stage at a fixed
photon energy. The image contrast results from differential
absorption of X-rays depend on the chemical composition of
the sample. Image stacks or line scans of reference Ca-carbonate
and Ca-phosphate minerals and bacteria-mineral mixtures
were used to collect C K-edge and Ca L2,3-edge NEXAFS
spectra. Image stacks or line scans were taken by scanning the
sample in the x-y direction (image stack) or x direction (line
scan) of selected sample areas at energy increments of 0.1 eV
over the energy range of interest (280–305 eV for carbon,
342–360 eV for calcium). Here, x refers to the horizontal
direction, y to the vertical direction, and the x-y plane to the
plane perpendicular to the X-ray beam direction. The stack
image procedure thus consists of measuring the NEXAFS
spectrum for a specific element on each pixel (one pixel can be
as small as 30 nm) of the image. Counting times are of the
order of few milliseconds or less per pixel. Normalization and
background correction of the Ca L2,3-edge and C K-edge
NEXAFS spectra were performed by dividing each spectrum
by a second spectrum from a Ca- or C-free location on the
same sample. Maps of calcium and phosphorus distributions
were obtained by subtracting the image below the Ca or P
L2,3-edge, respectively, from the image of the same area above
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the edge. AXIS 2000 software (version 2 1n) (Hitchcock,
2000) was used to align image stacks and extract NEXAFS
spectra from image stack or line scan measurements.

RESULTS

Ca L2,3 edge NEXAFS of reference compounds

Figure 1 shows the image of reference hydroxyapatite particles
at different energies as well as the Ca L2,3-edge NEXAFS
spectra of hydroxyapatite and the three most common calcium
carbonate polymorphs in biomineralized systems (i.e. calcite,
aragonite and vaterite). Each STXM image was taken at a single
energy and provides a spatial resolution of approximately 25
nanometers. Two images were taken, respectively, at an energy
below the Ca L2,3-edge (approximately 347 eV) and above the
edge (Figs 1A,B). By subtracting both images converted into
optical density (OD) units, it is possible to obtain a calcium
distribution map (Fig. 1C). This energy-filtered imaging
procedure is an interesting first step in locating specific

element of interest in a heterogeneous mixture of particles.
Moreover, a semiquantitative estimate of calcium content can
be obtained, as the intensity of each pixel is directly related
to the mass of calcium present in the pixel volume by the
relation:

∆(O · D)X = µX · ρ · d

where µ is the X-ray mass absorption coefficient for calcium at
the energy X, ρ is the density in g m−3, and d the thickness of
the sample (in m). It is moreover possible to measure the Ca
L2,3-edge NEXAFS spectrum for the same area. Spectra were
recorded on several particles for each mineral phase. Particles
selected for NEXAFS measurements had an approximate size
of 500 nm and absorbed approximately 60% of the incident
beam at 350 eV. The energy position of the L3-edge main peak
of calcite was arbitrarily fixed at 349.3 eV, following Rieger
et al. (1986), and the Ca L2,3 edge of calcite was used as an
energy calibration standard. The Ca L2,3-edge spectrum shows
two well resolved features (Fig. 1D) corresponding to the L3

Fig. 1 Spectromicroscopy on calcium-containing
reference compounds. (A) STXM image of
hydroxyapatite particles at 343 eV (below the Ca
L2,3-edge). (B) STXM image of the same area at
349.3 eV (i.e. at the L3 resonance energy). Particles
appear much darker, showing the presence of
calcium. (C) Calcium map obtained by subtraction
of (A) and (B) converted into optical density (OD)
units. (D) Calcium L2,3-edge NEXAFS spectra of
hydroxyapatite (HAP), aragonite, vaterite, and
calcite. Vertical dotted lines show correlations
between HAP and aragonite as well as between
calcite and vaterite.
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(349.3 eV) and L2 (∼352.6 eV) edges of Ca. These main edge
features do not show much variation in energy position among
the different minerals examined here. However, the number,
position, and intensity of other smaller peaks are specific to the
different mineral phases and can be used to distinguish among
them. The energy positions of all the peaks as well as the
coordination numbers of calcium in the different mineral
standards are given in Table 1.

STXM study of biomineralization by Caulobacter crescentus

Figure 2 shows Caulobacter crescentus cells incubated for
3 weeks in the calcification medium. C. crescentus cells are
kidney bean-shaped of dimensions 2 µm long and 0.7 µm
wide. A polar appendage, known as a stalk, was observed on
some cells. The calcium map shows that calcium is distributed
throughout the cells (Fig. 2C). The calcium concentration is

estimated to be 10−14 g µm−2 in the cells depicted in Fig. 2 and
is up to 10−13 g µm−2 in more biomineralized cells. Taking in
account the counting time used for these measurements, the
detection limit of Ca was estimated to be about 10−18 g µm−2.
Ca L2,3-edge NEXAFS spectra were acquired on the cells
using line scans. This procedure is preferred to measuring the
absorption at a single point inside the cells as it reduces the
exposure time at each point and hence, the extent of beam
damage. Despite these precautions, some beam damage still
occurred occasionally, as seen in Fig. 3.

The calcium L2,3-edge NEXAFS spectra measured for differ-
ent cells and at different locations within a single cell were
identical and characteristic of hydroxyapatite (Fig. 2).

Figure 3 shows the distribution map of phosphorus in
the same area as that depicted in Fig. 2. P L3-edge NEXAFS
spectra were very noisy and are not shown. Phosphorus was
detected in the cells grown in the calcification medium and

Table 1 Names, formulae, Ca-coordination numbers, and major XANES peak positions of Ca-containing minerals used in this study
 

Mineral name (source) Formula Ca-coordination number Ca K-edge XANES peak positions (eV)

Hydroxyapatite Ca10(PO4)6(OH)2 8.4 347.1, 347.7, 348.2, 348.6, 349.3, 351.6 (351.8), 352.5
Vaterite CaCO3 6 347, 347.5, 348.1, 349.3, 351.4, 352.6
Calcite CaCO3 6 346.9, 347.4, 348, 349.3, 351.4, 352.6
Aragonite CaCO3 9 347.2, 347.7, 348.5, 349.3, 351.2, 351.5, 351.8, 352.6

Fig. 2 Spectromicroscopy on Caulobacter crescentus
incubated for 3 weeks in calcium rich (8 mM) growth
medium at the calcium L2,3-edge. (A) STXM image
of C. crescentus cells at 343 eV (below the Ca L2,3

edge). (B) STXM image of the same area at 349.3 eV
showing the kidney bean shaped cells. The arrow
shows the location where the line scan was pro-
cessed, i.e. the trace of the analysis spots. Half of
the spots are inside the bacterium, the other half are
on the carbon-film providing I0. (C) Calcium map
(generated by subtracting Fig. 2 (A) from Fig. 2 (B))
showing the calcium enrichment of cells with small
variations in intensity between the two cells observed
related to slight differences in calcium enrichment.
(D) Calcium L2,3-edge NEXAFS spectra of a C.
crescentus cell shown in B. The spectra were
identical for all the areas tested. Peak positions
were 347.1, 347.7, 348.2, 348.6, 349.3, 351.5,
and 352.6. A reference hydroxyapatite calcium
L2,3-edge NEXAFS spectrum is shown for com-
parison and displays the same peaks (see arrows).
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its concentration was estimated to be of the same order of
magnitude as that of calcium (i.e. 10−14 g µm−2). More precise
estimation of the Ca/P ratio was not possible. Phosphorus is
an important elemental constituent of cellular nucleic acids
and phospholipids; however, neither phosphorus nor calcium
was detected in C. crescentus cells cultured in the regular PYE
growth medium using the same counting time (data not shown).
This suggests that the phosphorus and calcium concentrations
were much lower in the cells under these conditions.

The carbon content of the mineralized cells was also char-
acterized. Figure 4 shows C K-edge images of the same area
studied at the Ca and P L2,3-edges (see Figs 2 and 3) taken at
an energy below the C K-edge (280 eV) (Fig. 4A) and at two
different energies above the C-K edge (288.2 eV and 288.5
eV). Spectra were measured using the image stack procedure.
The acquisition time at each energy step was 0.4 ms per pixel,
which greatly reduces beam damage. Any area of interest in
the image can then be chosen during data processing to obtain
a C K-edge NEXAFS spectrum. The carbon spectra of differ-
ent cells are qualitatively similar and display at least five peaks,
and likely more, as some peaks may overlap (Fig. 4). Using the
reference spectra of Lawrence et al. (2003), these peaks can be
assigned to different C-containing functional groups. The
peaks observed in this study are at the same energy positions
as the corresponding peaks measured by Lawrence et al.
(2003) but show an almost systematic 0.3 eV shift relative to
peaks in the same compounds reported in the C K-edge spec-
tral database of Myneni (2002). The first peak at 285.2 eV is
likely related to aromatic groups in proteins (Kaznacheyev
et al., 2002; Myneni, 2002). The peaks at 286.8 eV and 288.2 eV
likely correspond to phenolic groups or ketonic groups or
both (Myneni, 2002) and to amide carbonyl groups in pro-
teins, respectively. However, the latter peak is much broader
than that observed for albumin, suggesting that the 288.2 eV
peak observed for C. crescentus corresponds to a combination
of both protein amide groups and polysaccharide carboxylic
groups. The peak at 289.5 eV is at the same energy position
as that of the C = O groups in nucleic acids. Finally, the peak
at 290.3 eV was observed only in C. crescentus cultured in the
calcification medium. This peak is indicative of the presence of
carbonate groups.

A C-containing polymeric material bridging between two
cells can be seen in Fig. 4C. The C K-edge NEXAFS spectrum
from this area shows peaks at 286.9 and 288.5 eV. The latter
peak is slightly shifted towards higher energies relative to the
main peak observed for the cells and is assigned to carboxylic
groups in polysaccharides based on comparison with reference
spectra reported by Lawrence et al. (2003). This extracellular
polymer thus likely corresponds to exopolysaccharides (EPS),
which have been shown to be produced by this strain (Raven-
scroft et al., 1991). The peak at 286.9 eV, which is assigned to
phenolic or ketonic groups, is thus also thought to be related
to polysaccharides at least partly. No carbonate peak was
observed in this area.

Fig. 3 STXM images of C. crescentus cells shown in Fig. 2 at the phosphorus
L2,3-edge. (A) STXM image below the P L2,3-edge at 130 eV. (B) Image at 145
eV, which is above the P L2,3 edge. The dark line across the cell on the left hand
side is the result of beam damage resulting from the line scan at the Ca L2,3-
edge (see Fig. 2A). (C) Phosphorus map (generated by subtracting image 3a
from image 3B) showing phosphorus enrichment of the cells. No phosphorus
was detected using the same counting time on cells cultured in regular PYE
medium. Rough estimation of the elemental concentration can be obtained
from this image. The concentration of phosphorus is of the same magnitude as
that of calcium.
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Fig. 4 Spectromicroscopy on C. crescentus cells
shown in Figs 2 and 3 at the carbon K-edge.
(A) STXM image taken at 280 eV, which is below
the carbon K-edge. (B) STXM image taken at
288.2 eV (i.e. the resonance energy of amide
carbonyl groups in proteins). Dark spots are related
to thickness effects. An appendage is observed on
the cell in the middle of the picture and was
observed for many other cells. (C) Image taken at
288.5 eV (i.e the resonance energy of carboxylic
groups in polysaccharides). The polymeric material
between the two cells on the right hand side is at
maximum visibility at this energy. (D) Carbon K-
edge NEXAFS spectra of two C. crescentus cells
(spectra 1 and 2), and the EPS (spectrum 3)
resulting from the image stack on the area depicted
in Fig. 4 (A). All the areas are outlined on Fig. 4B.
The cell spectra were identical for all the areas
tested. Reference spectra of DNA, albumin (taken
as a model for protein), and alginate (taken as a
model for acidic polysaccharides) are shown for
comparison. Labelling of the peaks: a*, aromatic
groups at 285.2 eV; k*, ketonic/phenolic groups
at 286.8 eV; p*, amide carbonyl group (peptidic
bond) at 288.2 eV; cx*, carboxylic groups at 288.5
eV; na*, C = O groups in nucleic acids at 289.5 eV;
cn*, carbonate groups at 290.3 eV.

Fig. 5 Spectromicroscopy on C. crescentus cells
grown in regular PYE medium for (A) 2 days and
(B) 20 days. Images were taken at 288.2 eV. Cells
grown for 2 days show a well defined kidney bean
shape and display appendages similar to those on
cells grown for 20 days in the calcification medium.
The cells grown for 20 days in the regular PYE
growth medium appear degraded. The presence of
fragments is suggested because of the electron-
dense background. (C) Carbon K-edge NEXAFS
spectra of the cells grown under three different
conditions: grown for 2 days in regular medium,
grown for 20 days in the calcification medium, and
grown for 20 days in regular medium. Spectra were
identical for different cells in each condition. The
carbonate peak at 290.3 eV is unique to the culture
grown in the calcium-rich medium. The intensities
of the nucleic acid peaks at 289.5 eV for the three
samples are significantly different. Peak labelling,
Fig. 4 see caption.
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C K-edge NEXAFS spectra of C. crescentus cultured for two
days and 20 days, respectively, in the regular PYE growth
medium were measured and compared with the spectrum
from C. crescentus cells cultured for 20 days in the calcification
medium (Fig. 5). Only one spectrum is shown for each
condition, but more than 10 spectra showing insignificant
variation were measured for each case. The cells cultured in
the regular growth medium showed the same features as
previously described, with the exception of the carbonate
peak at 290.3 eV. Hence, carbonates are associated with
phosphorus- and calcium-rich cells.

For the 20 day-old culture grown in the regular PYE
growth medium (i.e. at low Ca concentration), the pellet
formed after centrifugation was slightly black, in contrast to
the 20-day old culture grown in the calcification medium. This
suggests that some lysis occurred in the regular PYE growth
medium. This suggestion was confirmed by the STXM obser-
vations which show that the shapes of the cells are less well
defined in the 20 day-old cultures in the regular PYE growth
medium (Fig. 5B). Moreover, the 289.5 eV peak, which cor-
responds to C = O groups in DNA in these cells, is much
weaker than that in cells from the 2-day old cultures and is also
significantly weaker than that in the cells grown for the same
amount of time in the calcification medium.

DISCUSSION

Use of Ca L2,3 edges to characterize Ca-containing minerals

Calcium K-edge X-ray absorption spectra are good indicators
of calcium coordination environments and hence, provide a
convenient means of characterizing even poorly crystalline Ca-
containing minerals (e.g. Combes et al., 1991; Sowrey et al.,
2004). Although it is not possible to access the K-edge of Ca
(4038 eV) on soft-X-ray synchrotron beam lines, it is possible
to measure Ca L-edge NEXAFS spectra on such beam lines.
However, very few Ca L2,3-edge NEXAFS spectra have been
reported to date in the geological and geobiological literature
(e.g. Doyle et al., 2004). Our study confirms that Ca L2,3-edge
NEXAFS spectra can be used to distinguish among different
Ca-containing minerals important in biomineralization processes.

De Groot et al. (1990) and Naftel et al. (2001) show that
the multipeak pattern of the Ca L2,3 edge is the result of the
crystal field whose magnitude and symmetry arise from the
arrangement of atoms in the first coordination sphere sur-
rounding Ca2+. In addition, because NEXAFS is only sensitive
to the local coordination environments of calcium atoms, Ca
L2,3 NEXAFS spectroscopy is applicable to Ca-containing
nanocrystals or poorly crystallized solids, which are common
in biomineralized systems (Weiner & Dove, 2003). Calcium in
both calcite and vaterite is 6-fold coordinated by oxygen
atoms. The spectra for these two CaCO3 polymorphs are very
similar in terms of number and energy position of the peaks.
However, the intensity ratios for peaks at 348.1 and 349.3 and

at 351.4 and 352.6 are very different. Calcium in aragonite is
9-coordinated by oxygen, which explains why the Ca L2,3-edge
of aragonite is very different from those of calcite and vaterite.

Calcium phosphate precipitation in Caulobacter crescentus

The presence of both calcium and phosphorus at equivalent
concentrations in Caulobacter crescentus cells cultured for
20 days in the PYE growth medium supplemented with calcium
suggests that calcium phosphate precipitation occurred in
or on the cells. Previous studies have similarly shown the
precipitation of calcium phosphate by bacteria when calcium
was provided to the growth medium (e.g. Streckfuss et al.,
1974; Lucas & Prevot, 1984; Hirschler et al., 1990; Moorer
et al., 1993; Ohara et al., 2002). In our study, no calcium
phosphate crystal larger than approximately 100 nm was
observed outside the cells. Although EPS are usually considered
to play an important role in calcium carbonate nucleation in
microbialites (e.g. Arp et al., 2003), no calcium enrichment
was observed in the EPS between cells here. It is worth noting,
however, that sensitivity limits of the STXM method may
allow only the detection of calcium-containing precipitates
and not of adsorbed calcium. This study, like several previous
ones (e.g. Van Dijk et al., 1998; Benzerara et al., 2004),
shows that calcium phosphate precipitation occurs on or
inside the bacterial cells. The exact location cannot be
determined by STXM on whole bacteria and would require
additional observations on ultrathin sections. However,
hydroxyapatite precipitation inside the periplasm, which has
been demonstrated for other Gram-negative bacteria (e.g.
Van Dijk et al., 1998 and references therein; Benzerara et al.,
2004), is a possibility.

In contrast to the calcium maps, the phosphate map indi-
cates that phosphate localization in the cells is patchy. One
possible explanation for this patchy distribution is that calcium
is associated with phosphorus only in discrete spots and has
another speciation in other locations. However, the many Ca
L-edges spectra measured on the cells displayed the same fea-
tures, showing that calcium has the same speciation consistent
with hydroxyapatite throughout the cells. The patchy pattern
observed in the phosphorus maps may be artefactual and does
not necessarily indicate that phosphorus is only present at dis-
crete spots. Indeed, considering that the phosphorus concen-
trations measured on the cells are close to the detection limit
of the STXM technique, only small variations in phosphorus
concentrations could induce this patchy pattern. The precipitate
formed in or on C. crescentus cells may be amorphous calcium
phosphate (ACP). This phase has been proposed to form
transiently during the formation of calcium phosphates, and
Ca K-edge X-ray absorption spectroscopic data have shown that
the short-range structure around calcium in ACP is similar
to that of crystalline hydroxyapatite, with a slightly lower
Ca coordination number (Taylor et al., 1998). However, the
structure of ACP and its significance remain widely debated
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(Dorozhkin & Epple, 2002). The observed Ca L2,3-edge
spectra and the presence of carbonate taken together suggest
that the dominant precipitate in C. crescentus cells in our sam-
ples is carbonate-containing hydroxyapatite, which is the most
abundant calcium phosphate biomineral (e.g. Elliott, 2002)
and has been reported in previous studies of bacterial calcium
phosphate precipitation (e.g. Ohara et al., 2002). The C K-edge
does not actually provide information about the structural
surroundings of carbonate groups. They could be present
in calcium carbonate crystals or in hydroxyapatite. STXM
cannot distinguish between carbonate hydroxyapatite and a
hydroxyapatite mixed with a very small amount of nanometer-
sized calcium carbonates. Only transmission electron micro-
scopy (TEM) would help address that issue.

However, indirect evidence argues against the presence of
calcium carbonate in our experiments. For example, the pH
of the growth medium (7.1) is low for calcium carbonate
precipitation to occur. Moreover, no calcium carbonate was
detected at the calcium L-edge and no heterogeneity in
carbonate distribution was detected at the carbon K-edge.
Therefore, we conclude that no calcium carbonate larger than
25 nanometers is present in or on the bacteria. It is likely, thus,
that the carbonate groups detected in this study are incorpo-
rated into the hydroxyapatite structure by substitution for
phosphate groups and, to a lesser extent, OH-ions, as is
usually inferred for hydroxyapatite (Mathew & Takagi, 2001).
Although STXM is not able to characterize the crystallinity of
the precipitates, it provides permissive evidence for the pres-
ence of carbonate groups in the calcium phosphate precipitate
which is almost unique at this submicrometer scale. The ability
of STXM to characterize the speciation of carbon in mineralized
cells provides a good signature for the presence of micro-
organisms vs. simple macromolecules like proteins or poly-
saccharides. C K-edge NEXAFS spectra of microorganisms
show four or five peaks corresponding to C-containing func-
tional groups in the different biochemical compounds (e.g.
proteins, polysaccharides, and nucleic acids) comprising C.
crescentus cells. Although it may be theoretically possible to
design nonmicrobial organic mixtures in the lab displaying
such a complex spectrum at the C K-edge, with some doubt
regarding the peptide bond signal, we believe that the C K-
edge spectrum of bacteria is likely unique relative to abiotic
systems. The C K-edge spectrum does not, however, provide
any information on the metabolic status of the cells, and
whether they are alive or dead has to be assessed by other
techniques. After 20 days of incubation in Ca-rich PYE growth
medium, the mineralized cells retain that biosignature and
can thus be unambiguously recognized. Although we cannot
quantify precisely the amount of DNA and proteins remaining
in the mineralized cells, the signal associated with these mole-
cules is still high in the calcified cells and shows that more than
trace amounts remain.

Previous studies have proposed that proteins are preserved
through geological time in dinosaur bones (e.g. Embery et al.,

2003), however, little is known about the impact of time,
temperature and pressure on the preservation of different
biochemical compounds in mineralized cells. The comparison
between C. crescentus cells grown for 20 days in the calcifica-
tion medium and nonmineralized cells cultured for the same
period in regular PYE growth medium shows that nucleic acids
are more abundant in the former. Two possible mechanisms
could explain this observation: (a) precipitation of calcium
phosphates prevents the degradation of nucleic acids by nucle-
ases released by the lysis of C. crescentus cells upon aging of the
cultures; and (b) calcium at high concentration is toxic, which
results in slower growth, delayed cell starvation, and thus,
delayed lysis of the cells. In this study, we observed that C.
crescentus cells cultured in the calcification medium grew more
slowly and were morphologically better preserved than those
grown in the regular PYE growth medium. Whereas calcium
toxicity has rarely been proposed as a cause for calcium phos-
phate precipitation, it is interesting to note that several studies,
which have presented evidence for precipitation of lead phos-
phate on or in bacteria, have interpreted this phenomenon as
a resistance mechanism to lead toxicity (e.g. Levinson et al.,
1996; Templeton et al., 2003).

C. crescentus was used in this study as a model for calcified
bacterial cells without any claim that this bacterium is repre-
sentative of the diversity of prokaryotes. The specific chemical
conditions that were used for the calcifying cultures such as
those of high concentration of calcium (comparable to the
concentration of calcium in modern seawater), and a high
availability of phosphorus, may not accurately mimic a wide
range of Ca concentrations in natural environments. However,
sewage treatment waters, which are rich in phosphate, wherein
the microbial mechanisms of phosphate removal are under
investigation (Macrae & Smit, 1991), could be good ana-
logues, although the presence of calcified Caulobacter sp. cells
in such an environment has not been verified.

Advantages and limitations of STXM in geobiology studies

This study aims to experimentally produce calcified microbial
cells similar to those suspected to exist in the geological
record (Nathan et al., 1993; Baturin et al., 2000), and, using
these samples, to test the capabilities of STXM as an
analytical tool for inferring the biogenic origin of Ca-
containing minerals. It is beyond the scope of this study to
address the validity of the chemical signatures for biogenicity,
and we direct the reader to Nealson (2001) and Pasteris &
Wopenka (2003) and references therein for a more extensive
discussion of this topic. We believe, however, that chemical
characterization at the submicrometer scale is necessary to
infer the biogenicity of natural objects, including fossilized
microorganisms.

Like Raman spectroscopy, STXM offers the possibility to
characterize both the mineral and the organic components of
a sample with minimal sample preparation and without any
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prior dehydration, as the measurements are done at ambient
temperature and pressure and can even be done in solution.
The maximum thickness of a STXM sample allowing imaging
and spectroscopy at the C K-edge is about one micron. This
constraint could require prior thinning or powdering pro-
cedures for geological samples. STXM requires access to a
specialized synchrotron radiation beam line (only about half a
dozen such beam lines are currently available worldwide),
which results in more limited access compared to Raman spec-
troscopy, but it provides unique capabilities. For example, the
ability of STXM to characterize carbon speciation at a spatial
resolution of 25 nanometers is particularly well suited for the
typical submicrometer-sized, heterogeneous biominerals of
interest in geobiology. TEM-based electron energy loss spec-
troscopy (EELS) can be used to study much smaller features,
but it does not provide the spectral resolution that can be
achieved by STXM (i.e. approximately 0.1 eV) at least for
current TEMs. We have shown that the carbon K-edge at high
spectral resolution allows differentiation between various C-
containing functional groups. Bacterial cells display a complex
spectrum at the carbon K-edge with contributions from aro-
matic, carboxylic, and peptidic functional groups. When such
functional groups are associated and concentrated in an object
that has the size and the morphology of a microorganism, this
finding may provide permissive evidence for a biogenic origin
of terrestrial carbonate or phosphate deposits. Recent results
show that cells from bacterial strains as diverse as Bacillus
subtilis, Shewanella oneidensis, and Caulobacter crescentus dis-
play almost identical carbon K-edge spectra (data not shown).
This suggests that the spectra reported in this study may be
good signatures for many bacteria and do not provide any
phylogenetic information.

The degree of preservation of these molecules in biominer-
alized cells as a function of time is another issue to be considered
in investigations of geological deposits. Pasteris & Wopenka
(2003) have discussed the problem of distinguishing abiotic
carbonaceous deposits from biogenic kerogens as aging and
metamorphism tend to enrich the residues in aromatic com-
pounds and make them look similar spectroscopically. The
ability to study carbon speciation at high spatial resolution
with STXM may offer the possibility of detecting small areas
with remnants of relatively pristine biomolecules. Another
approach may come from the use of STXM to detect the pres-
ence of other chemical elements like nitrogen, for example,
and to determine their speciation. As the absorption of X-rays
is measured in transmission using STXM, the sensitivity is not
as good as that achieved by high energy X-ray fluorescence
measurements as presented by Kemner et al. (2004). This
limitation of STXM prevents it from detecting elements at
very low concentrations. However, soft X-rays provide better
spatial resolution than hard X-rays (25 nm vs. 150 nm as dis-
cussed in Kemner et al., 2004) and allow one to study light
elements like carbon, nitrogen, and oxygen, which are likely
required to assess the biogenicity of an object. A combination

of both soft and hard X-ray spectromicroscopy approaches is
likely the best solution.

Natural samples are usually highly heterogeneous, and the
occurrence of fossilized microbes in such samples may be rare,
making the detection of traces of life highly challenging. An
important advantage offered by STXM is the energy filtered
imaging capability. Indeed, it is possible to scan quickly (in a
few seconds) relatively large areas (e.g. 40 µm × 40 µm) of a
sample at an energy at which carbon absorbs. By taking the
image of the same area below the carbon K-edge, it is then
possible to map areas rich in carbon as is shown in Figs 1(C),
2(C) and 3(C). It is possible to be even more specific when
looking for microorganisms by taking advantage of the fact
that they absorb strongly at an energy characteristic of pep-
tides (288.2 eV). However, other carbon functional groups
may absorb a little at this energy. Most of their contribution
can be removed by taking an image at a close energy (e.g.
288.6 eV) and subtracting this image from the other.

Although the present study has not proven that a certain
class of organic molecule is responsible for the formation
of calcium phosphates in C. crescentus, it has been able to
distinguish among several different biochemical compounds,
including proteins, EPS, and DNA associated with hydr-
oxyapatite biominerals in or on these cells. Proteins, poly-
saccharides, or lipids have been shown experimentally to be
potential matrices for the precipitation of calcium-containing
minerals (e.g. Bradt et al., 1999; Collier & Messersmith, 2001;
Veis, 2003; Zhang et al., 2004), but the relative importance of
each class of molecules for calcification in nature is yet to be
determined. The study of natural carbonate and phosphate
deposits of suspected biogenic origin by STXM may help
in determining which of these biomolecules are the most
frequent ones associated with calcium carbonates and calcium
phosphates in nature. Finally, we suggest that characterization
of purported nanobacteria by STXM could help resolve the
debate about whether they are calcified microorganisms or
calcified macromolecules of a single type, such as proteins.
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